
Editorial

Coronary angiography cannot be used to assess myocardial
perfusion in patients undergoing reperfusion for acute
myocardial infarction

“All knowledge, like all ignorance, deviates from the truth
in an opportunistic direction”—Gunnar Myrdal from A
challenge to world poverty

Perfusion can be defined as tissue blood flow at the cap-
illary level. There are two components of flow—volume
and velocity. Blood flow is a volume of blood moving at a
certain velocity. Approximately 8% of the left ventricular
mass at rest is blood (the blood volume fraction of the
myocardium1), about 90% of which is resident in capillar-
ies.2 The red blood cell velocity in the myocardium is
approximately 1 mm/s at rest.3 Myocardial blood flow at
rest is approximately 1 ml/min/g.

Because there are no arteriovenous connections in the
human heart, any blood entering the coronary artery will
reach the capillaries under normal circumstances. Conse-
quently, flow measured at any level—coronary arteries,
arterioles, or capillaries—will reflect tissue perfusion. If
flow is reduced in a coronary artery in the absence of in-
farction (such as in the setting of a critical stenosis)
myocardial perfusion may still be normal at rest because of
collateral flow. In this instance flow measured in the sten-
otic coronary artery will not correlate with either arteriolar
or capillary flow (perfusion). Because the coronary artery
from which the collaterals are emanating is now supplying
flow to its own perfusion bed in addition to the bed with
stenosis, its flow will increase. The flow measured in the
small arterioles (9–11 µm diameter where radiolabelled
microspheres lodge) and capillaries will underestimate
total flow in this coronary artery since some of it is shunted
to the other bed before reaching these levels.

The physiology of coronary blood flow is even more
complex immediately after reperfusion in patients with
acute myocardial infarction. In this situation, myocardial
blood volume decreases in proportion to the extent of
necrosis,4 while blood velocity generally increases above
baseline pre-occlusion levels.4 The decrease in blood
volume is caused by capillary injury and plugging resulting
in “no-reflow” in the capillaries,5 while the increase in
blood velocity is secondary to reactive hyperaemia4 that
lasts for several hours after reperfusion. The magnitude of
hyperaemia depends on the degree of residual stenosis as
well as the myocardial blood volume. If the residual steno-
sis is < 40–50% (which is readily accomplished in most
patients with primary angioplasty and in a sizeable fraction
of patients undergoing thrombolysis), then the degree of
hyperaemia will depend primarily on the myocardial blood
volume fraction.

At rest, the mean aortic pressure is approximately
90 mm Hg while the capillary hydrostatic pressure is only
30 mm Hg. The reduction in perfusion pressure from the
aorta to the capillaries is mediated in most part by coron-
ary arterioles.6 During reactive or exogenously induced
hyperaemia, coronary vessels become dilated in proportion
to the amount of smooth muscle they possess. Thus,
coronary arterioles are dilated the most and coronary

venules also undergo some dilatation, resulting in reduc-
tion in total coronary resistance and increase in coronary
blood flow.6 Because they do not possess smooth muscle,
capillaries are not dilated, so myocardial blood volume
fraction does not change in the presence of coronary
vasodilators.1 3 Since their dimensions remain unaltered,
capillaries oVer the most resistance to flow during
hyperaemia and also determine the maximal increase in
hyperaemic coronary blood flow.7

Because capillaries are laid in parallel, the total capillary
resistance is inversely related to the number of capillaries.
Therefore, if no capillary damage (no necrosis) is incurred
during coronary occlusion, the reactive hyperaemia after
reflow would be expected to be maximal, provided that
residual stenosis is < 40–50%.4 In the presence of myocar-
dial necrosis the hyperaemic response will be attenuated in
proportion to the degree of necrosis and capillary loss.4

Nonetheless, unless > 50% of the perfusion bed has
undergone necrosis, flow will be above pre-occlusion rest-
ing levels.4 If > 50% of the perfusion bed has undergone
necrosis then blood flow after reperfusion will be below
normal levels and will bear an inverse relation to the degree
of necrosis.

Angiography immediately after reperfusion
Based on these above considerations, what should be
expected on coronary angiography in patients immediately
after attempted reperfusion? The answer depends on the
degree of dissociation between coronary blood flow and
myocardial perfusion. If residual stenosis is minimal and
the extent of necrosis is < 50% of the perfusion bed, reac-
tive hyperaemia will be present and rapid disappearance of
dye from the coronary arteries will be seen. Therefore, even
with sizeable necrosis, coronary flow will be high and hence
the disappearance rate of the dye will be rapid. It is for this
reason that despite “no reflow” seen on myocardial
contrast echocardiography (MCE), TIMI grade 3 flow can
be present post-reperfusion.8 When > 50% residual steno-
sis is present, the hyperaemic response will be attenuated in
proportion to the severity of stenosis.7 If necrosis is exten-
sive (> 50% of the perfusion bed), there should be no reac-
tive hyperaemia and coronary blood flow will be reduced
irrespective of the degree of residual coronary stenosis. In
these cases, the rate of dye disappearance will be slow,
which explains the occurrence of “no-reflow” on MCE in
most patients with TIMI grades 1 and 2 flow.8

If radiographic dyes could measure capillary perfusion,
then the presence of necrosis (and hence “no reflow”)
should be characterised by a hypolucent area on myocardial
blush. Paradoxically, what we find is that a large area of
necrosis is associated with hyperlucency, and that dye reten-
tion lasts longer with larger infarcts. How can this paradox
be explained? MCE contrast agents consist of small
gas-filled microbubbles which remain entirely within the
intravascular space and possess a microvascular rheology
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similar to that of red blood cells.9 These properties allow
accurate assessments of both myocardial blood volume and
blood velocity on MCE.9 In comparison, radiographic (and
for that matter magnetic resonance imaging (MRI))
contrast agents are not pure intravascular tracers. They
transiently exit the intravascular space before returning to
the vascular space.10 11 This extravascular sojourn partly
contributes to the myocardial blush.

Extravascular sojourn
The magnitude of the extravascular sojourn depends on
the degree of microvascular injury and the capillary resist-
ance distal to the site of extravasation, whereas the duration
of the sojourn is proportional to the size of the extravascu-
lar space. Under normal circumstances this sojourn is very
brief (fig 1A). In the presence of microvascular injury, dye
extravasation is accentuated because of increased capillary
permeability (fig 1B). This extravasation cannot occur in
the “no reflow” area since the dye never gets there. It occurs
in the regions of the risk area which have been spared by
necrosis, which is why the spatial extent of myocardial
opacification on MRI immediately after reperfusion gener-
ally overestimates infarct size.12 The resistance of the
extravascular space is lower than capillary resistance in the
“no-reflow” zone distal to the site of extravasation, further
accentuating the extravascular leak (fig 1C). If the
extravascular space is large as occurs in myocardial
oedema, the dye stays longer in this space (fig 1D) result-
ing in its prolonged retention. This principle is exploited to
detect infarction with contrast MRI. Depending on the
amount of myocardial oedema as well as the washout rate

of the contrast agent from the extravascular space, the tim-
ing of imaging after contrast injection will determine the
relation between the hyperlucent area and infarct size on
MRI.13 The amount of myocardial oedema will depend on
the type and size of infarction and other pre-existing myo-
cardial disease, and therefore late phase imaging at one
period of time will not always reflect actual infarct size.

But neither with myocardial blush on angiography nor
with late phase imaging on MRI do we see myocardial per-
fusion, which is very low in regions of infarction. We see the
sequelae of ischaemia (namely microvascular injury) as
well as a byproduct of infarction (myocardial oedema and
capillary plugging distal to the size of contrast extravasa-
tion). That these variables have some relation to infarct size
and prognosis in patients with acute myocardial infarction
should not be surprising.14 15 Needless to say, an association
is bound to exist between these variables and the extent of
necrosis, but we are not measuring myocardial perfusion by
assessing either of these two phenomena. It is time to stop
saying so!
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Figure 1 Schematic diagram of myocardial kinetics of radiographic and
MRI contrast agents. (A) They transiently enter the extravascular space
during normal circumstances. (B) The extravasation is increased as a
result of increased endothelial permeability during microvascular injury.
(C) The increased resistance in the distal capillary bed from the
“no-reflow” phenomenon can accentuate this eVect. (D) The duration of
extravasation is prolonged beyond the intravascular duration of the dye
when the size of the extravascular space increases as in myocardial
oedema.
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